The effects of augmenting the nephron supply on indices of allograft injury were assessed in a rat model of "chronic rejection." Orthotopic renal allotransplantation into uninephrectomized rats was followed by excision (allograft-alone group) or preservation of the remaining native kidney (allograft + native kidney group) such that the total kidney complement was either the allograft alone, or the allograft plus one retained native kidney. After 18 wk, values for GFR (1.85±0.3 ml/min) and kidney weights (2.3±0.2 g) in allograft-alone rats were far in excess of corresponding values in the allograft of allograft+native kidney rats (0.88±0.1 ml/min and 1.1±0.5 g, respectively). Proteinuria (35±2 mg/d) and allograft glomerulosclerosis (24±8%) also characterized allograft-alone but not allograft+native kidney rats, in whom glomerular structure (allograft glomerulosclerosis, 4±1%; native kidney glomerulosclerosis, 0% ) and glomerular functional integrity (proteinuria 7±0.7 mg/d) were well preserved. Thus, the observed allograft protection derived from the presence of a retained recipient native kidney supports the hypothesis that a single renal allograft contains insufficient nephrons to prevent progressive renal injury, implicating nephron supply as a major determinant of long-term allograft outcome. (J. Clin. Invest. 1994. 
Introduction
Gradual deterioration of renal transplant function, attributed to an ill-defined process termed "chronic rejection," accounts for nearly all cases of late renal allograft failure in humans, and is currently a major impediment to the long-term success of renal transplantation (1) . In contrast to the striking improvements in 12-mo renal allograft survival rates made over recent years, late organ failure rates have remained static throughout the entire transplant experience (2) , apparently unaffected by the introduction of better immunosuppressive regimes. Without slowing the rate of late allograft loss, only 40% of new allografts from cadaver donors can be expected to survive at 8.5 yr after transplantation (2, 3) . To explore possible factors underlying late renal allograft loss we have conducted studies in a rat model of chronic renal allograft failure. The Fisher 344-*Lewis rat model of long-surviving renal transplantation, first described by White et al. (4) , and recently adapted by Diamond et al. (5) , is considered to be a useful model of "chronic rejection." As in humans (6) (7) (8) , striking similarities are evident between the natural history and histopathological appearances of late allograft failure in F344-Lew rats and those shared by a variety of other conditions also characterized by progressive kidney failure, e.g., hypertensive nephropathy or extensive surgical ablation of renal mass (4, 5, 9, 10) . Over the past 15 yr, extensive experimental study of rats with renal mass ablation has given rise to a unifying theory for the progressive nature of renal disease in conditions such as those listed above (9) . A selfperpetuating cycle of nephron loss is proposed with glomerulosclerosis as the eventual consequence of the compensatory renal hemodynamic responses to inadequate nephron mass (11) . As the allograft is a single kidney facing the workload of two, but with a rapidly diminishing pool of functioning nephrons, due to early losses from ischemia-reperfusion injury, acute rejection, and cyclosporine nephrotoxicity, it may be likened to the remnant kidney in experimental models where extensive ablation of renal mass initiates a rapidly progressive course of hemodynamically mediated glomerular injury. We propose that a hemodynamically mediated cycle of progressive injury in the solitary allograft is an inevitable consequence of inadequate numbers of functioning nephrons surviving the acute sequelae of transplantation ( 12) . Thus, we postulate that supplementing the total numbers of nephrons in the F344-+Lew rat model will slow the tempo of progressive injury affecting the renal allograft by elevating the nephron supply above a critical point beneath which accelerated, progressive nephron injury is likely to occur.
To test this hypothesis we assessed indices of allograft (A)' 
Methods
Kidney grafting. Under ether anesthesia, the left kidney of each male F344 donor rat was isolated, excised, and cooled. The kidneys were then positioned orthotopically in anesthetized, weight-matched Lewis recipients whose left renal vessels had been mobilized, clamped, and the native kidney excised. The donor and recipient renal artery, vein and ureter were each then anastomosed end-to-end with 10-0 prolene sutures, without the use of ureteral stenting. The contralateral native kidney was either excised on the 10th post-operative day (A-alone group, n = 15) or preserved (A + NK group, n = 7). All rats were housed under standard conditions and received standard rodent diet containing 0.48% Na. All rats were treated in accordance with institutional guidelines for animal welfare. Serial measurements of systolic blood pressure (SBP) were carried out monthly using the tail-cuff method; urinary protein excretion rates, determined by precipitation with sulfosalicylic acid, were also determined monthly from 24 h urine collections from individual rats in metabolic cages. After 18 wk, clearance studies were carried out. Anesthesia was induced with Brevital (Eli Lilly, Indianapolis, IN), 0.2-0.3 ml, and maintained with Inactin (Byk-Gulden, Konstanz, Germany), 0.1 ml/ 100 g body weight, i.v. After tracheostomy, cannulas were placed in the femoral vein for the administration of fluids and inactin, and in the femoral artery for the continuous measurement of blood pressure and intermittent blood sampling. Mean arterial blood pressure was measured by a Gould transducer and the output displayed on a chart recorder. Bovine salt-poor albumin (4%) in 0.9% saline, equivalent to 0.5% body weight, was infused at 100 ul/min to replace fluid and protein losses incurred during surgery. Inulin (7.5%) and 0.75% para-amino hippurate (PAH) in 0.9% saline were also infused at 20 kl/min throughout the experiments. The allograft was exposed through a midline incision and the ureter catheterized. Where required, the right ureter or the bladder was catheterized to allow collection of urine from the native kidney. After a 60-min stabilization period, two 20-min urine samples were obtained with blood sampling at the midpoint of each clearance period. Urine volumes were determined gravimetrically. Concentrations of inulin in blood and plasma were determined by an anthrone method; concentrations of PAH were determined by a colorimetric method. In three A-alone rats, clearances could not be obtained for technical reasons. A further three rats in this group were also excluded from study due to the presence of moderate hydronephrosis. A small number of A-alone (n = 5) and A + NK (n = 5) rats were available for study of proteinuria 1 yr after transplantation.
After the clearance studies, the kidneys were removed, fixed in phosphate-buffered formalin (10%), stained using the Periodic AcidSchiff method, and prepared for histopathologic evaluation. The frequency of focal and segmental sclerosis and hyalinosis was determined by examining all glomerular profiles contained within one or two coronal sections from each kidney such that on average 154±22 glomeruli were counted for each kidney (range: 54-400). The frequency of glomeruli with focal and segmental sclerotic lesions was then expressed as a percentage of the total number of glomeruli counted.
All data are presented as mean±SEM. Statistical comparisons were 
Results
The evolution of proteinuria is shown in Fig. 1 rats, not significantly different from 378±23 g for the A + NK group. As shown in Fig. 3 A, the presence of the native kidney limited the compensatory increases in GFR in the allograft of A + NK rats relative to that seen in the solitary allograft (Aalone). Similarly, effective renal plasma flow rate (ERPF) in A-alone allografts (5.0±1.1 ml/min) was far in excess of values for the allograft in the A + NK group (2.4±0.5), due to the presence of the retained native kidney (ERPF 5.6±1.4 ml/min). In addition to this comparative freedom from hyperfiltration and hyperperfusion, by 16-18 wk the allograft in A + NK rats was also subjected to considerably less compensatory structural hypertrophy, as evident from wet kidney weights determined at the conclusion of the clearance studies (Fig. 3 B) , whereas the solitary allografts (A-alone) exhibited marked hypertrophy. In addition to averting compensatory growth and hyperfunction in the allograft, the presence of the native kidney also spared the allograft in A + NK rats from glomerular injury. Only 4±1% of glomeruli in the A + NK allografts at 18 wk showed evidence of FSGS in comparison with 24±8% in the A-alone allografts (P < 0.05 by unpaired t test). Furthermore, tubulo-interstitial architecture was well preserved and the intensity of mononuclear interstitial cell infiltrate was minimal in the A + NK allograft, and restricted to occasional perivenular areas. In comparison, a moderate, patchy mononuclear cell infiltrate was seen throughout the interstitium of the A-alone allografts. Indeed, the histopathologic appearances of the allografts in A + NK rats were such that, with one exception, they were little different from those of normal kidneys. As shown in Fig. 4 , the extent of focal and segmental sclerosis and hyalinosis evident in glomeruli from the solitary allografts (A-alone) showed considerable variation with many showing severe, extensive glomerulosclerosis. Three A-alone rats noted to have a mild degree of allograft hydronephrosis are also included in this figure, although these data points are excluded from computation of the Mean GFR from A-alone rats (n = 9) in the left, hatched column is considerably less than total GFR for A+NK rats (n =7), but appears greater than the range of left kidney GFRs determined under identical conditions in normal, 2-kidney Lewis rats (n =3), as indicated by the horizontal broken lines. Total A+NK GFR is depicted by the right column, divided into allograft (solid) and native kidney (cross-hatched) components. GFR for the allograft in A+NK rats is significantly less than that of the native kidney, and is also less than that of A-alone. appearance of focal and segmental glomerulosclerosis and hyalinosis is well established. Although not all are agreed upon the underlying mechanisms, FSGS may be considered as the pathological hallmark of progressive, hemodynamically mediated glomerular injury (10) . In this study, we show that the evolution of chronic injury in the F344 --Lew renal allograft is, to a large extent, mediated by processes arising as a consequence of inadequate nephron supply. The data also provide the first demonstration that the converse of the renal massreduction paradigm applies, i.e., prevention of progressive renal failure and FSGS may be achieved by renal mass augmentation in a setting where a moderate deficit in nephron supply of somewhat more than 50% exists. These findings are in accordance with our hypothesis that hemodynamic factors contribute significantly to chronic renal allograft injury. Recent reports in the F344 --Lew model provide further support for this view. Measurements of stop-flow pressures in the F344 -+ Lew (solitary) allograft provide estimates of glomerular capillary hydraulic pressure that are clearly elevated with respect either to unoperated F344 controls or to F344 isografts, independent of levels of systemic blood pressure (14) . Prolonged study of isografts has revealed that after periods of 1 yr, proteinuria and FSGS develop (15) , accompanied by profiles of cellular infiltration and cytokine activity similar to those previously documented in the F344 -b Lew allograft (16) . This finding suggests that whereas crossing the immune barrier may advance and accelerate the injury process in allotransplanted rats, perhaps through the initial episode of acute rejection (4, 5) , the features of the injury processes in allografts, isografts, and remnant kidneys are ultimately quite similar. In support of this possibility, immunohistochemical staining reveals qualitative similarities between the appearances of infiltrating cells and cytokine expression in remnant kidneys and single allografts, irrespective of whether the remnant kidneys were allogeneic, isogeneic, or native in origin, implying that more similarities than diversities exist among the injury processes underlying late failure of allografts, isografts, and remnant kidneys (17) . While identification of the mechanisms underlying the protective effects of renal mass supplementation on the F344 -+ Lew allograft is the subject of further studies underway in our laboratories, the strikingly beneficial effects of augmenting the nephron supply nevertheless prompt the question: to what extent do hemodynamically mediated injury processes contribute to late allograft failure in clinical transplantation? A variety of observations, when taken together, support the notion that in patients, inadequate nephron supply does indeed influence late renal allograft outcome. In humans as in rodents, the greater the degree of ablation of renal mass, the greater the ultimate severity of hypertension, proteinuria, and eventual glomerulosclerosis (12) . By analogy, the poorer long-term clinical outcome encountered after long cold-ischemia times (18) or more frequent episodes of acute rejection (19) (20) (21) (22) , may represent the eventual consequence of fewer and fewer nephrons surviving these early events. Body and kidney size discrepancies between donor and recipient may also be expected to influence the shortfall between the supply of nephrons and the demands placed upon them (12, 21) ; individual differences in body weight, surface area, and kidney weights in humans are highly correlated with numbers of glomeruli present per kidney (22, 23) . Recent preliminary reports suggest that donor-to-recipient body surface area ratios of < 0.8 are associated with poorer early and late graft function (24) , and that kidney-to-recipient body weight ratios of < 2.5 g/kg predict a 5-yr allograft survival rate of 48%, whereas ratios of 2 3.5 g/kg are associated with 5-yr survival rates of 71% (25) . Comparison of transplant registry data among demographic groups differing in their renalto-body weight ratios also reveals that the subtle but consistent shortfalls in total renal mass and nephron numbers in females relative to males (12, (26) (27) (28) , and in the US population of African descent relative to Caucasians (29, 30) , are associated with clear trends for donor kidneys originating from these groups to have poorer survival rates, irrespective of recipient race or gender. The outcome of transplanting kidneys from donors at the extremes of age, where filtration surface area is limited, as in early childhood, or due to age-related glomerulosclerosis, is also worse than for donors of intermediate ages (31, 32) although transplantation of both kidneys from pediatric donors may, in some instances at least, abolish this difference (33) . The consistency of these trends, observed across a diversity of histocompatibility factors in clinical transplantation, lends support to the concept that the allograft-to-recipient body weight ratio, and hence the number of nephrons supplied per unit recipient body mass, is an important independent factor influencing late outcome, in keeping with the hypothesis that the adaptive responses of nephrons to inadequate renal mass contribute to the late failure of renal allografts. Since we postulate that the vicious cycle of hemodynamically mediated glomerular injury is "primed" in the allograft, by virtue of initial nephron losses, it may serve as a positive feedback mechanism amplifying the deleterious effects of other factors such as nephron loss through cyclosporine nephrotoxicity or ongoing, alloantigen-specific, immune-mediated injury, which, by themselves, may cause injury or relatively low-grade intensity. By aiming therapeutic intervention to target specifically this positive feedback mechanism, it seems reasonable to anticipate highly effective In summary, we have demonstrated a substantial protective effect of increasing total nephron supply on indices of chronic allograft injury in the F344 --Lew model of late allograft failure. This implies that chronic allograft injury in this model is, to a large extent, associated with processes arising from the renal responses to inadequate nephron supply, and, conversely, that due to permanent losses of nephrons through acute injury, the single allograft often provides an inadequate supply of nephrons with which to meet the metabolic demands of the recipient.
